Abstract: This paper introduces an adaptive coordination scheme to optimally enhance the transient stability, voltage security and frequency damping of a power system network by scheduling the parameters of the available controllers. A set of real-time stability indicators are used to reflect the power system stabilities. The relative significances of a group of controllers to the power system are used as a reference to schedule new controller parameters. This scheme effectively allocates power system resources to handle different stability issues in different time frames. The results suggest that power system security can be further enhanced by means of coordinated control.
INTRODUCTION
Power systems are becoming more complex. Traditional vertically integrated power systems are being replaced by market-based operation after deregulation. Furthermore, the introduction of independent power producers (IPP) and powerelectronic loads have also complicated the operation of the grid. These introduce new uncertainties and nonlinearities and so it becomes more difficult to predict the behaviour of power systems. The equilibrium point is not only determined by the existing physical constraints, such as generator supply, load demand and transmission line thermal limits, but also by economic considerations. While the operation and the interconnection of power systems are evolving, few changes appear in the mainstream control of power system, i.e. most controllers are still designed for handling predictable local problems only. They rarely coordinate together to resolve any particular network problem, not to mention problems of an unusual nature. Power system stability issues are not mutually exclusive. Major system disturbances give rise to a combination of transient instability, voltage instability and/or frequency oscillation. Other dynamic problems may arise, but this paper focuses on these issues for illustration of a general technique. Careful examination of the instability "symptoms" is needed before taking any remedial actions. On the other hand, the selection of remedies also requires attention. While one controller action is selected to be beneficial to one kind of stability problem, it may deteriorate the power system in other respects. There have been qualitative studies (Kundur, 1994; Kundur et al., 2004) showing that some controller interactions could degrade the power system stability at some circumstances in which they are not designed for. This paper studies a scheme for coordinated security control. The concept of global control evolved from previous works by the authors Leung, 2002; Leung, 2004) . In , a novel global control strategy was introduced for coordinated transient stability and voltage regulation by excitation. In , a framework was developed for more general schemes involving coordination of many controls with diverse goals. In (Leung, 2002 (Leung, , 2004 , the framework was refined, applied to a benchmark test system and covered more different network scenarios. In this paper, the methodology is further extended. The "relative effectiveness" of three controllers, namely an excitation controller, power system stabilizer (PSS), and static VAr compensator (SVC) are firstly evaluated for the capabilities to resolve transient instability, voltage instability and small signal oscillatory problems. A linearized "sensitivity matrix" is formed which is used by the optimizer later as a reference for control parameter scheduling. Power system signals are sensed and processed for stability cost calculations. The severities of the stability issues are compared based on their weighted costs and a new set of controller parameters are optimally calculated with the aim of reducing the total stability cost. The simulation results for a benchmark system show that this global control scheme is effective and robust and provides significant stability improvement for all kinds of system disturbances. The paper is structured as follows. The test system is described Section 2. The formulation of the global control system and its various indicators are presented in Section 3. Simulation and results for different scenarios are provided in Section 4, followed by conclusions in Section 5. Fig. 1 shows the diagram of a modified version of the two-area system described in (Klein, et al., 1991) . The modifications are as follows:
SYSTEM DESCRIPTION
• Line 6-7 and line 9-10 are split into double circuits • Line 7-8 and line 8-9 are turned into 4-line circuits • Two SVC's are installed at Bus 7 and Bus 9 The 0.5-0.6 Hz inter-area mode of oscillation, which has the lowest damping factor, is chosen as the target for damping in this paper (Kundur, 1994; Klein, 1991) . All the dynamic data of the generators and static data of the system remain unchanged from that given in (Klein, et al., 1991) . C4: 10% load increase at Bus 9.
GLOBAL CONTROL

General Idea
The goal of the adaptive coordinated control proposed is to maintain system stability under all operating conditions, especially unforeseeable ones. It is a framework within which a variety of methods and different controllers can be coordinated to handle complex system problems to the extent allowed by the available information communication technology (ICT). It offers the possibility to coordinate control actions across the whole system geographically and for all operating situations in an adaptive way 
Fig. 2. Adaptive coordination control framework
A diagram of this control framework is shown in Fig.  2 . This system-wide control has four main tasks, namely: 1) indicator processing, 2) scheduling, 3) optimization and 4) actuation. The control is represented with decentralized structure to emphasize it is typically not centralized (due to ICT limitations). The signal processing layer collects and processes network information and transforms it into meaningful signals such as stability indicators. The coordination controller will then determine the severity of each kind of instability, i.e. to decide whether the system is in the proximity of transient, voltage and/or frequency instability. Accordingly, a group of control actions (typically of the switching type) which have the capacity, will be scheduled with further tuning, to overcome the instability. After the optimization process, which allows tuning of control parameters, a set of weighted parameters will be transmitted to the corresponding local controllers for actuation.
Controller Sensitivity Tests
Power system controllers are mostly designed to satisfy some kind of primary objectives. For example, PSS is designed for damping and SVC is for voltage support. However, their contributions to other types of stability controls are also valuable. Information like the relative strength of each controller is required for the global control system to formulate suitable switching actions.
Transient Stability Assessment
The transient stability index of a multi-machine system can be simply computed by using the extended equal area criteria (EEAC) (Xue, et al., 1989) . This method separates the system generators into two groups, i.e. the critical cluster and the rest. The cluster of critical machines is identified as the group of "candidate" critical machines which give the smallest critical clearing time (CCT). By performing a critical cluster centre of inertia (CCCOI) transformation, the system is mapped into a fictitious SMIB system. The stability index is obtained by calculating the difference between the "acceleration area" and "deceleration area" in the corresponding EEAC assessment. The index is defined as: Fig. 3a-3c . It is noted that:
• There are discontinuities in the stability indices. This is because the EEAC algorithm separates different machines into different clusters according to the degrees they are affected. Different combinations of critical generators will therefore change the inertia base of the calculation; • Fig. 3a shows that increased gain in the excitation system does not always increase the stability index; and Fig. 3b shows that increase in PSS gain does not necessarily worsen the transient stability. It depends on the particular situation. However, these two figures show that the actions of the excitation system and PSS in transient stability tend to be oppositional; • Increase in SVC gain does not improve the transient stability -see Fig. 3c .
Transient Voltage Stability Assessment
Voltage stability problems are generally caused by deficiency of reactive power in some sense. By estimating the "distance to the proximity of voltage collapse", many stability indices have been proposed (Canizares, et al., 2002) . In this paper, voltage security (or transient voltage stability) which describes the deviation of transmission system voltage from its nominal value is studied (Hiskens and Hill, 1989) . Other forms of voltage problem can also be included. 
T is the sample interval, A k is the amplitude, α k is the damping factor, f k is the sinusoidal frequency, θ k is the sinusoidal initial phase. The p-exponent discrete-time function of (3) can be expressed in the form:
The damping factor (α) corresponding frequency (f) and damping index (η ss ) can be calculated by: , 5b and 5c show the % damping variations with different controller gains. It is noted that the damping ratio of the inter-area mode increases almost linearly with the increase of PSS gains. On the other hand, while the damping factor also increases when the excitation gain increases from 0 to about 60, it begins to decrease monotonically after the peak. Increase of SVC gains also decreases the damping ratio in this case.
Global Control Switching
The global control switching law has the following parts:
• Controller sensitivity matrix
Sensitivity Matrix The capabilities of the power system controllers for different stabilities can be summarized in the "sensitivities matrix" measured at a nominal operating point. The general form is:
(8) where C is the cost, A is the gradient between cost and controller gain K. (Note that K in general can be any controller parameter, such as for load shed.) In this paper, the following 3×3 matrix is used: 
where δ c is the critical angle of the system determined by the EEAC (Xue, et al., 1989) . The value of C ts is between 0 and 1. The transient stability "limit" is defined by C ts =1. Since the transient voltage instability index measures how "voltage unstable" the system is, it can be directly used as the cost to be minimized for transient voltage stability, i.e. The inequalities can be converted into the following general form:
4. SIMULATION AND RESULTS In this simulation, the load at Bus 9 is increased by 10% at t=2.0s. Then at t=6.0s, a fault occurs at Bus 8. The fault is cleared by tripping one line 8-9. This portrays a scenario where multiple events occur. The effects of the global coordinated control scheme are demonstrated and compared with a conventional method where no global control is used, i.e. parameters are fixed at values determined in (Kundur, 1994) . The results are shown in Fig. 6a-d . Fig. 6a shows that the angle deviation between machine 1 and 3 settles faster under global control. Damping control only swamps in at the end. The cost comparisons in Fig. 6b and 6c also confirm that transient stability, transient voltage stability and damping are improved by the control scheme. The controller gains in Fig. 6d highlight the point that the controllers can automatically reschedule their parameters for successive events. . CONCLUSIONS This paper presented an adaptive coordinated control scheme for power systems as a further step towards universal type controllers which flexibly respond to all stability problems. Under this framework, some further research directions are recommended, including: (1) development of faster and more reliable stability indicators; (2) development of more suitable tests and models for evaluating the capabilities of different controllers under different instabilities; and (3) development of faster and better optimization algorithms, especially for handling large systems. An important point is that this is not a fully centralized control. The control architecture generally is somewhere between decentralized and centralized with just enough communication links to implement the necessary coordination.
